Avian Influenza A Viruses (IAV) in different species of seals display a spectrum of pathogenicity, from 29 subclinical infection to unusual mortality events. In this report, we describe a case of avian IAV 30 infection in a 3-4 month old grey seal (Halichoerus grypus) pup, rescued from St Michael's Mount,
INTRODUCTION 54
Influenza A viruses (IAVs) are important pathogens for humans and livestock including pigs and assembles the raw data using the Velvet assembler (Zerbino and Birney, 2008) , blasts the resulting 141 contigs against a local database of influenza genes using Blast+ (Camacho et al., 2009) , then maps 142 the raw data against the highest scoring blast hit using the Burrows-Wheeler Aligner (Li, 2013) . The 143 consensus sequence was extracted from the resultant bam file using a modified SAMtools software 144 package (Li et al., 2009) , script (vcf2consensus.pl) available at: 145 https://github.com/ellisrichardj/csu_scripts/blob/master/vcf2consensus.pl).
147
Phylogenetic analysis of the seal virus 148 BLAST (Basic Local Alignment Search Tool) was used on GISAID (Elbe and Buckland-Merrett, 2017;  149 Shu and McCauley, 2017) to find the top 50 closest related viral segments for each segment to the 150 seal virus. We combined the seal virus sequence (query) along with the BLAST-hits sequences 151 (blasthit) for each segment for phylogenetic analysis. We removed sequences containing duplicate 152 strain names and aligned with MAFFT (Katoh and Standley, 2013) using automatic settings.
153
Alignments for each segment were inspected manually on AliView (Larsson, 2014) and the ends 154 trimmed to the starting ATG and end STOP codon. Exploratory trees were run using FastTree (Price 155 et al., 2009) , after which we used IQ-TREE (Nguyen et al., 2015) to make the final maximum-156 likelihood tree with 1000 iterations of alrt (approximate likelihood ratio test) for branch support. performed for each segment, which were combined after logs were inspected in Tracer 170 v1.7.1 (Rambaut et al., 2018) for appropriate mixing and ESS (effective sample size) values > 200.
171
Trees were summarised into median clade credibility trees (MCC) and plotted in R v3.5 (using the 172 ggtree package (Yu et al., 2017) .
174
Amino acid substitutions 175 We manually inspected the trimmed alignments of each segment in AliView software (Larsson, 2014) , 176 translated the sequence into amino-acids, and checked for amino acid changes that were found 177 across each dataset. We identified several substitutions in the seal virus that did not occur in any of 178 the bird virus sequences. We recorded these substitutions using H3-numbering of the sequence 179 using the HA subtype numbering conversion tool available from FluDB ((Burke and Smith, 2014), 180 https://tinyurl.com/HAnumbering).
181

182
RESULTS
183
Pathology and immunohistochemistry 184
The post-mortem revealed abundant purulent fluid (approximately 1 litre) in the subcutaneous 185 tissues of the right side of the body extending from the neck to the thoracic region ( Figure 1A) . All 186 other organs were macroscopically unremarkable. The blubber sternal thickness was 0.4 cm.
187
Histology identified a severe, chronic-active, fibrino-purulent cellulitis and fasciitis and a severe, 188 acute renal infarct with thrombosis. In the respiratory system a diffuse mild to moderate rhinitis with 189 epithelial hyperplasia and presence of mites was observed in the nasal cavity and a focal broncho-190 interstitial pneumonia with thrombosis and pulmonary nematodes were seen in the lungs, with no 191 changes observed in trachea and bronchi. Influenza A virus antigen was detected by 192 immunohistochemistry only in the nasal mucosa, in the nuclei of scattered isolated epithelial cells 193 ( Figure 1B) . The pathological findings were suggestive of a thromboembolic event and sepsis Detection and subtyping of IAV by The nasal swab was positive for the M-gene (CT value of 22.36), signifying the presence of IAV RNA 198 but was negative for NAI haemagglutinin (HA) subtypes H5 and H7 as well as the IAV subtypes N1 199 and N5. However, IAV subtype N8 was detected by one of the specific RRT-PCR assays employed 200 (CT value of 24.38). In addition, trace amounts of IAV RNA were detected by the M-gene RRT-PCR 201 assay in tracheal bronchi (CT value of 35.88), the left lung (CT value of 37.73) and the right cranial 202 lung (CT value of 38.67). Due to low levels of virus detected in the lower respiratory tract, and the 203 presence of clinical signs not consistent with influenza infection, we concluded that the virus was of 204 no or low pathogenicity. It is possible that at the point the seal was rescued, it had already cleared 205 the infection in the lungs naturally, which would explain trace amounts of detection in these tissues.
206
This is consistent with previous studies which found that grey seals were likely to remain concerning overlapping habitats for wild birds and seals which make transmission from wild birds 225 possible, but less likely from poultry, pigs or humans.
227
Also similar to previously reported infections (Anthony et al., 2012; Zohari et al., 2014) , the set of 228 closest related strains were isolated from within the local region i.e., Northern European (The Table S1 shows a summary for how often the same strain appears as a BLAST-hit for each segment 234 of the seal virus. A large proportion of these occur singly (250 strains) or for a maximum of two 235 segments (40 strains). However, some strains were found to map for 3, 4 or 5 segments (19, 2 and 1 236 strains(s) respectively). Of these, all the strains that mapped for at least 3 segments were isolated 237 from birds in the Netherlands between 2011-15, except for one chicken virus from France in 2016.
233
238
The subtypes varied greatly, but they were usually isolated from wild birds. In the next section, we 239 further examine the closest available sequence(s) for each seal gene to try and understand the 240 emergence and further propagation of this virus.
242
Emergence of viral segments 243
There is no dedicated surveillance program for seals in England so infection status in seals as 244 endemic or one-off spill over event is uncertain. Previous studies in the US have indicated that grey
The trees for each segment are summarised in Figure 2 (A-G) ; trees for the MP gene segment are 253 excluded due to lack of clock-like behaviour in that dataset. Time to the putative ancestor strain of 254 the segments from the seal virus and its closest related segment is inferred as ranging from 1999 255 (NA) to between 2011 and 2015 (all other gene segments), summarised in Figure 3 and Table 1. 256 Gaps in surveillance, and the availability of just one seal strain will likely affect the inference of 257 TMRCAs, but the variation between segments is also likely a testament to the high levels of 258 reassortment seen in wild bird IAVs (Lu et al., 2014) . Indeed, the closest associated virus varies in 259 host, subtype and geography of isolation for each segment, as can be seen in the highlighted clades outbreak, showed that mutations were likely to occur early on after transmission to seals and then viruses in the segment amino acid alignments of our datasets, to check if they any had putative 282 adaptive implications.
284
Several residues in the seal virus that did not occur in the bird viruses. These substitutions are 285 summarised in Table 2 . Among them, is D701N in the PB2 segment, which is a rare mutation, and a 286 hallmark of mammalian adaptation of bird viruses, regardless of genetic background (Liu et al., 2018;  287 Steel et al., 2009) ). These studies have elucidated that the basis of this adaptation is that it allows for 288 better replication in mammalian cells and has been associated with increased transmission in ferret 289 experiments. Another mutation (S678N) in the seal PB1 gene has also been associated with 290 increased polymerase activity and virulence in mice (Gabriel et al., 2005) .
292
Changes were also found in the HA gene ( Table 2) , but the implications are less clear. At least two of 293 the changes S111G (H3 numbering -95) and S235Y (H3 numbering 219) could result in a potential 294 loss of glycosylation compared to related wild bird H3s according to prediction by (Hamby and Hirst, 295 2008) (see Table S2 ). The HA of the H3N8 virus isolated from harbour seals in Massachusetts in 296 2011 had an F110S mutation, where the 110 residue has been previously found to be a critical 297 component of the influenza fusion peptide, which may impact replication in mammalian cells 298 (Anthony et al., 2012; Liu et al., 2011) . Our reported seal virus retains F at position 110, but whether 299 the mutation in the adjoining residue has any effect on HA fusion properties is unknown.
301
We compared all the substitutions with previously described mutations in seal infections, and found 302 that apart from D701N, which was also found in the H3N8 seal virus infection in Massachusetts in Marine mammals may be exposed to a plethora of environmental agents, such as chemical 320 pollutants, and existing or (re-)emerging pathogens. Since many marine mammal species share the 321 coastal environment with humans and consume the same food, they also may serve as effective 322 sentinels for public health problems (Bossart, 2011) . Marine mammals are particularly interesting 323 hosts for IAVs since they are globally distributed and can migrate over long distances in the vicinity 324 of coastal ecosystems and population centres, where they intersect with waterfowl and shorebirds in 325 scenarios conducive to virus exchange.
327
A range of IAV subtypes have been shown to infect marine mammals, including many beyond those 328 that have been able to establish lineages in humans, horses and pigs i.e., H1N1, H1N2, H3N2, H3N8. 
343
The case reported here is epidemiologically interesting as the animal was referred to a rescue centre 344 because it was stranded and the IAV was detected only incidentally, since the clinico-pathological 345 presentation was typical of stranded seal pups and no signs of IAV infection were detected. In 346 addition, we were able to sequence the virus whereas previous attempts at sequencing IAV from 347 grey seals identified during surveillance were unsuccessful due to lack of sufficient material (Puryear 
400
Successful or not, we do see evidence for putative adaptive substitutions in the viral sequence. This 401 could mean the virus has been circulating in seals for a certain amount of time during which these 402 substitutions have accumulated. Alternatively, this event might represent an early rapidly-adapting 403 virus from a spill-over event as seen in the H10N7 outbreak (Bodewes et al., 2016) . Given the 404 subclinical nature of the infection, we propose the former explanation is more likely to be correct.
405
The 2011 North American H3N8 and 2014 European H10N7 viruses which caused outbreaks in 406 harbour seals were found to have acquired mutations to enable recognition of sialyloligosaccharide 407 receptors found more abundantly in mammalian tissues (SAα2,6Gal) but which retained the ability to 408 interact with avian receptors (SAα2,3Gal). A later detailed structural and functional analysis of the 409 2011 H3N8 seal HA indicated a true avian receptor binding preference (Yang et al., 2015) , as did a 410 mutational analysis of the H10N7 viruses (Dittrich et al., 2018) . Although there are some common 411 HA residues that are changed in both the seal virus reported here and the 2011 H3N8 virus, we 412 found limited convergence in the substitutions and residues involved between the different seal 413 viruses, likely attributable to the different genetic backgrounds from different avian sources and 414 possibly differences in host environment of reservoir vs susceptible species. In addition, to the best 415 of our knowledge, ours is the first grey seal virus sequence that is being made publicly available (via 416 GISAID). It is therefore uncertain whether the type of mutations occurring in a putative reservoir host 417 vis-à-vis avian sequence might be different from those occurring in related hosts with pathogenic 418 outcomes.
420
Our phylogeny and molecular clock analyses suggest different lineages of source viruses, and time 421 of introduction of different segments, but it is not possible to be precise on how long the viral gene 422 segments have been in the seal population because there is only a single data point. It is not 423 surprising to find that the closest sampled and sequenced viruses for each segment are of different after mixed infection with two or more viruses. It would be speculative to propose likely wild bird 427 species donor however. Studies on avian influenza have previously shown that the transmission 428 between birds is directional, e.g., usually in the direction from anseriformes such as ducks into 429 galliformes (chicken) or charadriiformes (gulls) (Venkatesh et al., 2018) . In the case of the current 430 infection as well, where we have found unambiguously closest related sequences, they have tended 431 to have been isolated from anseriformes species. The above findings, along with the observation that 432 the closest related viruses were isolated largely from the Netherlands, it is likely that the source of 433 the viral segments come from unsampled locally circulating (in Northern Europe) avian viruses from 434 an anseriformes host.
436
H3N8 viruses currently circulate in horses and dogs but not humans or pigs. However, different H3 437 viruses have been found in several species including humans, pigs, horses, dogs, cats, seals, 438 poultry, and wild aquatic birds. They have thus been noted for a particular ability to cross species 439 barrier and cause productive infections. One study that examined the ability of H3N8 viruses from 440 canine, equine, avian, and seal origin to productively infect pigs, demonstrated that avian and seal 441 viruses replicated substantially and caused detectable lesions in inoculated pigs without prior 442 adaptation (Solórzano et al., 2015) . It is possible that the ready occurrence of PB2 701N mutation in 443 H3N8 viruses contributes to this ability. We do not have any biological evidence for pre-20th century 444 human influenza, but historical analysis suggests a long association of humans with influenza 445 (Hirsch, 1883; Taubenberger and Morens, 2010) , and has uncovered temporal-geographic 446 associations between equine and human influenza-like disease activity documented in Europe in the 447 16th-18th centuries (Morens and Taubenberger, 2010) . Such analysis has also implicated an H3N8 448 virus in the 1889 pandemic in humans (Morens and Taubenberger, 2010) , which makes mammalian-449 adapted H3N8 viruses of particular interest as IAV pandemic risk candidates.
451
In this paper we have presented analyses of a case of seal infection with IAV in coastal England. This 452 infection provides a small but unique window to understand the ecology of avian-origin viruses that surveillance and risk despite the limited interface between humans and seals (compared to swine).
456
Given the historical context, it is also worth exploring H3N8 infections of mammals such as seals, as 457 they may help us better understand the determinants of mammalian adaptation in influenza and its 458 complex drivers. 
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Slomka, M.J., Pavlidis, T., Coward, V.J., Voermans, J., Koch, G., Hanna, A., Banks, J., and Brown, Figure 1 (A-B Table 1 Putative divergence times (TMRCA -time to most recent common ancestor) and 95% highest posterior density (HPD) of the seal sequence from the closest related wild bird sequence for each segment, and the posterior probability of the node are shown, along with information about the closest related wild bird sequence including the host, country and year of isolation and subtype of virus. For the MP gene, the closest related sequence according to the ML tree is shown. 
